Abstract-In the pathogenesis of cardiovascular events, interaction between risk factors has seldom been identified.
I
n the pathogenesis of cardiovascular events, true interaction (ie, synergy) between risk factors appears rare, that is, most studies find that risk factors act, and, thus, increase cardiovascular event risk, independently of each other. [1] [2] [3] However, it has been hypothesized that individuals with type 2 diabetes mellitus (DM2) are particularly prone to the detrimental effects of endothelial dysfunction, [4] [5] [6] a key mechanism in the pathogenesis of atherothrombosis, and that this may explain the increased cardiovascular events risk in DM2. If true, this implies that DM2 and endothelial dysfunction interact with regard to the pathogenesis of cardiovascular events. That is, DM2 and endothelial dysfunction may act more strongly in the presence of the other variable than in its absence. From a clinical point of view, detection of interaction between risk factors is important because this identifies key therapeutic targets: interventions aimed at such risk factors are potentially more efficacious than treatment of risk factors that do not interact.
The mechanism that may underlie this phenomenon is a bidirectional association between endothelial dysfunction and DM2, in which endothelial dysfunction may act as both cause 6, 7 and consequence 6, 8 of DM2. On the one hand, DM2 leads to endothelial dysfunction via, amongst others, formation of advanced glycation end products, intraendothelial accumulation of glucose, and increased oxidative stress. 6, 8 On the other hand, endothelial dysfunction causes or aggravates DM2 by impairing the timely access of glucose and insulin to their target tissues. 7 Consequently, a vicious circle may exist between endothelial dysfunction and DM2. In addition, DM2 may amplify the detrimental effects of endothelial dysfunction on atherothrombosis via multiple pathways, including overproduction of reactive oxygen species, low-grade inflammation, and increased procoagulant activity and platelet aggregation. 9 Similar mechanisms may be operative in individuals with impaired glucose metabolism (IGM; ie, impaired fasting
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glucose and impaired glucose tolerance) or with insulin resistance but with normal glucose tolerance, in whom an increased risk of cardiovascular events is also apparent. 10, 11 If the above hypothesis is correct, then the co-occurrence of endothelial dysfunction and DM2 will increase cardiovascular event risk more than expected on the basis of the presence of these processes alone. This phenomenon is called causal interaction or interaction on an additive scale 12, 13 and can be formally tested in observational data through the calculation of the relative excess risk due to interaction (RERI). 12 To date, 2 previous studies, an earlier report of the Hoorn Study 4 and the Framingham Offspring Study, 5 have evaluated the joint effects of endothelial dysfunction, as determined by plasma biomarkers, and DM2 on incident cardiovascular events. In agreement with the above hypothesis, these studies showed that endothelial dysfunction was most strongly associated with incident cardiovascular events in individuals with DM2 as compared with those without DM2. However, these studies did not evaluate causal interaction (ie, interaction on an additive scale). In addition, these studies did not measure flow-mediated dilatation (FMD), a key functional measure of endothelium-dependent, nitric oxide-mediated dilatation. 14 In view of the above, we investigated, in a general elderly population, the association between endothelial dysfunction, as determined by FMD, and incident cardiovascular events, and formally tested, for the first time, whether any such association was stronger in individuals with DM2, IGM, and insulin resistance as compared with individuals with normal glucose metabolism (NGM) or normal insulin sensitivity (ie, the presence of causal interaction).
Methods

Study Design
For the present study, we used data from the 2000 Hoorn Study follow-up examination. The Hoorn Study is a population-based cohort study of glucose metabolism and cardiovascular risk among inhabitants of the municipality of Hoorn in the Netherlands. Details of the study have been described elsewhere. 4, 14, 15 The Hoorn Study was approved by the Ethical Review Committee of the VU University Medical Center. Informed consent was obtained from all participants.
Brachial Artery FMD
A detailed description of the measurement of FMD and nitroglycerin-mediated dilatation (NMD) is provided in the online-only Data Supplement (please see http://hyper.ahajournals.org).
Determination of Glucose Metabolism and Insulin Resistance Status
All participants, except those with previously diagnosed diabetes mellitus, underwent a standard 75-g oral glucose tolerance test and were classified as having either NGM, IGM, or DM2 according to the 1999 World Health Organization criteria. 16 Insulin resistance was estimated using the homeostasis model assessment for insulin resistance (HOMA2-IR) calculator (www.dtu.ox.ac.uk).
Other Measurements
Cardiovascular risk factors and prior cardiovascular disease (CVD) were assessed as described previously. 4, 14, 15 Follow-Up 
Statistical Analyses
All analyses were performed with R statistical software (version 2.15.2). For insulin resistance status, individuals were classified by the highest HOMA2-IR tertile versus the lower tertiles combined. The lower tertiles were combined because results for these tertiles did not materially differ from each other in all analyses (ie, there was a nonlinear interaction between FMD and HOMA2-IR levels, see below). In all analyses, FMD was adjusted for baseline diameter, flow increase after cuff release, and NMD. Results were adjusted for NMD, a measure of endothelial-independent vasodilatation, because less FMD may be because of impaired endothelial and endothelial-independent (smooth muscle cell) function. 14 Cox proportional hazard models were used to estimate the association between FMD and incident cardiovascular events. First, the association between FMD and cardiovascular events was evaluated in the total study population. This association was adjusted for age and sex (cohort stratifying variables, model 1) and additionally for prior CVD, body mass index, total/high-density lipoprotein cholesterol, triglycerides, hypertension, estimated glomerular filtration rate, physical activity, smoking habits, the use of antihypertensive and lipid-lowering medication (potential confounders; model 2); glucose metabolism status (ie, DM2, IGM, and NGM; model 3); and insulin resistance status (ie, highest HOMA2-IR tertile and lower 2 tertiles combined; model 4). Second, analyses were repeated after stratification for glucose metabolism or insulin resistance status. Third, we investigated the presence of potentially causal interactions on an additive scale (ie, when risk factors act synergistically in causing disease). 13 In Cox regression analysis, however, statistical interaction is exponential and, therefore, multiplicative. To nevertheless evaluate the presence of additive interaction, we calculated the RERI. 12 RERI represents the risk that is in excess of what would be expected if there had been no additive interaction. An RERI >0 indicates positive additive interaction. 12 In these analyses, adjustments were made for the same sets of potential confounders as described for the Cox regression models. Confidence intervals of the RERI were estimated by using a bootstrap method with 10 000 samples. 12 Finally, we also calculated the presence of any multiplicative interaction by adding, to our Cox regression models, product terms between FMD and DM2, IGM, and insulin resistance.
Results
Study Population
Of the 648 participants, qualitatively sufficient ultrasound examinations were obtained in 492 individuals. Data were missing for logistical reasons (n=49) and poor definition of the arterial wall because of obesity (n=107). In addition, participants were excluded when data on glucose metabolism status (n=8) or cardiovascular event follow-up were missing (n=39; of whom 6 had moved out of town and could not be contacted and 33 did not give permission to access their medical files or to contact their general practitioner). Thus, 445 participants were eligible for the present analyses. Individuals without follow-up data did not differ from the study population (data not shown). Table 1 shows the baseline characteristics of the study population according to cardiovascular event status. The median duration of follow-up was 7.6 years (range 0.2-8.9). A total of 106 participants (42 NGM, 33 IGM, and 31 DM2) had a cardiovascular event; 12 (11.3%) of which were fatal. A total of 48 participants had a coronary heart disease event (16 NGM, 19 IGM, and 13 DM2), 35 had a cerebrovascular event (16 NGM, 10 IGM, and 9 DM2), and 23 had a cardiovascular event other than a coronary heart disease or cerebrovascular event (eg, peripheral arterial disease or heart failure). The incidence rate of cardiovascular events was 3.1% per year. Individuals with an incident cardiovascular event were older and more often men. In addition, these individuals suffered more often from DM2, had greater insulin resistance as determined by HOMA2-IR, and a less favorable cardiovascular risk profile (Table 1 ). In addition, individuals with a cardiovascular event had less FMD, a smaller baseline diameter, and a lower flow increase after cuff release (Table 1) .
Clinical Characteristics
Association Between FMD and Incident Cardiovascular Events
Multivariable Cox regression analysis showed that FMD was not significantly associated with incident cardiovascular events in the overall population ( Table 2 , models 1-4). However, when the analyses were repeated stratified according to glucose metabolism or insulin resistance status, the results showed that, after adjustment for potential confounders, less FMD was associated with cardiovascular events in individuals with DM2 and IGM, but not in individuals with NGM (Table 2 , model 2; also illustrated in Figure, panel A) . Similarly, less FMD was associated with cardiovascular events among those in the highest HOMA2-IR tertile, but not among those in the lower 2 tertiles combined (Table 2 , model 2; also illustrated in Figure, panel B) . These results did not materially change when we additionally adjusted glucose metabolism and insulin resistance status for each other (models 3 and 4).
Interaction Analyses
When the analyses were repeated to test for additive interaction between FMD and glucose metabolism status, the results showed that, after adjustment for potential confounders, the RERI, per 1 SD less FMD, was 0.64 (95% confidence interval [CI], −0.35-1.32) for DM2 versus NGM and 0.68 (95% CI, −0.07-1.93) for IGM versus NGM, respectively (Table 2 , model 2). This means that the hazard ratios (HRs) for incident cardiovascular events in DM2 and IGM were, per 1 SD less FMD, 0.64 and 0.68 higher, respectively, than if there had been no interaction between FMD and DM2 or IGM. Similarly, the RERI, per 1 SD less FMD, was 0.73 (95% CI, 0.30-1.34) for the highest HOMA2-IR tertile versus the lower 2 tertiles combined (Table 2, model 2) .
When the analyses were repeated to test for multiplicative interaction, the results showed that, after adjustment for potential confounders, the HRs, per 1 SD less FMD, for the product terms between FMD and DM2 or IGM versus NGM were 1.96 (95% CI, 1.21-3.17) and 1.76 (95% CI, 1.03-2.98), respectively (Table 2, model 2). This means that the HRs for incident cardiovascular events in DM2 and IGM were, per 1 SD less FMD, 1.96× and 1.76× higher, respectively, than if there had been no multiplicative interaction between FMD and DM2 or IGM. Similarly, the HR, per 1 SD less FMD, for 
Additional Analyses
There was no additive or multiplicative interaction between FMD and hemoglobin A1c, fasting, or postload glucose in the association with cardiovascular events (data not shown). In addition, the results of the interaction analyses between FMD and DM2, IGM, and insulin resistance did not materially change when we additionally adjusted for hemoglobin A1c, fasting, or postload glucose (data not shown).
All analyses were then repeated with incident cardiovascular events as the outcome, but with incident heart failure (n=9) excluded from the definition of cardiovascular events. The results of these analyses were qualitatively similar to the analyses with total incident cardiovascular events as the outcome (please see http://hyper.ahajournals.org; Table S1 in the online-only Data Supplement).
Next, all analyses were repeated with all-cause mortality as the outcome. These analyses showed that FMD was not associated with all-cause mortality. In addition, there was no additive or multiplicative interaction between FMD and DM2, IGM, or insulin resistance in the association with all-cause mortality (please see http://hyper.ahajournals.org; Table S2 ).
Endothelial function is closely linked to low-grade inflammation. Any association of endothelial dysfunction with incident cardiovascular events and mortality may, thus, be dependent on low-grade inflammation. We therefore determined circulating biomarkers of low-grade inflammation (high-sensitivity C-reactive protein, serum amyloid A, interleukin-6, interleukin-8, tumor necrosis factor-α, and soluble intracellular adhesion molecule-1) and constructed a summarizing low-grade inflammation Z-score as described previously. 17 When we additionally adjusted the results for this Z-score, results did not materially change (data not shown).
Estimation of insulin resistance based on HOMA2-IR may be less accurate in individuals treated with insulin. 18 When we excluded these individuals (n=10) from the analyses, however, results did not materially change (data not shown).
The associations between FMD and incident cardiovascular events may differ according to the presence of prior CVD. However, no interaction was observed on an additive (RERI −0.17 [95% CI, −1.09-0.74]) or a multiplicative scale (HR for the product term between FMD and prior CVD versus no prior CVD was 0.82 [95% CI, 0.50-1.33]).
Finally, the associations between FMD and incident cardiovascular events may differ according to DM2 duration. However, no interaction was observed on an additive (RERI −0.03 (95% CI, −0.25-0.32)) or a multiplicative scale (HR for the product term between FMD and DM2 duration was 0.96 (95% CI, 0.90-1.04).
Discussion
This population-based study is the first that formally tests the joint effect, on incident cardiovascular events, of FMD on the one hand and DM2, IGM, and insulin resistance on the other. We observed that FMD was most strongly associated with cardiovascular events in individuals with DM2 or insulin resistance, less strongly in IGM, and not associated with incident cardiovascular events in individuals with NGM or normal insulin sensitivity. Importantly, the increased cardiovascular events risk of the joint effect of endothelial dysfunction and DM2, IGM, or insulin resistance was greater than what would have been expected had the effect of FMD on the one hand and glucose metabolism or insulin resistance status on the other acted independently of each other (as indicated by a RERI >0), demonstrating the presence of interaction or synergy between endothelial dysfunction and impairment of glucose metabolism with respect to cardiovascular event risk.
The present study defined endothelial dysfunction as impaired endothelium-dependent FMD, which is a key functional estimate of endothelial function.
14 The study thereby extends previous studies 4,5 on the joint effects of endothelial dysfunction and DM2, IGM, or insulin resistance on incident cardiovascular events, which used plasma biomarkers to define endothelial dysfunction and showed multiplicative interaction between endothelial dysfunction and DM2. No information was, however, provided on an additive interaction scale (ie, potentially causal interaction). 12, 13 The present study, therefore, provides additional and strong evidence in favor of a causal interaction between endothelial dysfunction on the one hand and DM2, IGM, and insulin resistance on the other in the pathogenesis of cardiovascular events.
Causal interaction between 2 factors means mutual dependence in causing disease, ie, such factors are component causes in the same causal model. Rothman 13 and others 12 have argued that potentially causal interaction needs to be evaluated as departure from additivity rather than departure from multiplicativity. In the present study, interaction was present on an additive (as indicated by RERI) as well as on a multiplicative scale (as indicated by interaction terms in the regression analyses). Not all interaction tests were, however, statistically significant. This may be because of the fact that, in general, these tests are limited by relatively low statistical power.
The mechanism that may underlie this interaction is the presence of a vicious circle between endothelial dysfunction and DM2, IGM, and insulin resistance, 6 with, on the one hand, DM2, IGM, and insulin resistance causing endothelial dysfunction and, on the other, endothelial dysfunction causing insulin resistance, IGM, and DM2. 7, 8 There is abundant evidence that DM2, IGM, and insulin resistance cause endothelial dysfunction, 9 but evidence for the reverse process is relatively recent. 7 However, insulin normally can redirect blood flow in skeletal muscle from non-nutritive capillaries to nutritive capillaries and, thereby, increase insulin-mediated glucose uptake.
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These processes are impaired by endothelial dysfunction. 7 In addition, endothelial dysfunction may also cause apoptosis of β-cells in the pancreas, 20 which decreases insulin secretory capacity and, therefore, may, further impair glucose metabolism. In addition, DM2 may amplify the detrimental effects of endothelial dysfunction on atherothrombosis. 9 Hence, the co-occurrence of these processes may accelerate atherothrombosis and, thus, increase cardiovascular event risk more than expected from the presence of these processes alone.
In the present study, glucose metabolism and insulin resistance states interacted with endothelial dysfunction independently of each other. This suggests that mechanisms associated with DM2 and IGM other than insulin resistance may play a role in the interaction with endothelial dysfunction, such as advanced glycation end products, oxidative stress, and diabetic dyslipidemia. 9 Somewhat surprisingly, estimates of hyperglycemia (ie, hemoglobin A1c, fasting, or postload glucose) did not interact with endothelial dysfunction in the association with cardiovascular events. This finding may have several explanations. First, only a single measurement of (baseline) variables was available in the present study. Baseline glucose levels may not accurately reflect exposure during follow-up. Second, glucose levels may not accurately reflect the mechanisms by which hyperglycemia leads to endothelial dysfunction and cardiovascular events (ie, advanced glycation end products and oxidative stress). 9 Third, it has been suggested that glucose variability 21 and episodes of hypoglycemia 22 may be more strongly associated with endothelial dysfunction than mean blood glucose levels (ie, hemoglobin A1c). Nevertheless, we cannot exclude the play of chance.
From a clinical point of view, the synergistic association between endothelial dysfunction and DM2 is important as endothelial dysfunction may act at least partially as the underlying phenomenon which might explain the 2 to 3× higher cardiovascular events risk seen in DM2. This suggests that endothelial dysfunction is a key therapeutic target for lowering of CVD risk in DM2. In addition, the fact that an interaction was already present in individuals with IGM and insulin resistance identifies endothelial dysfunction as an early therapeutic target even before DM2 is present. This is in accordance with the hypothesis that insulin resistance, IGM, and DM2 are manifestations of a continuous disease process to increase the risk of cardiovascular events (ticking clock hypothesis). 10, 11 Our study had some limitations. First, it is likely that survival bias affected our results, ie, it is probable that individuals who died before the start of the present study were those with the strongest association between endothelial dysfunction and DM2 and incident cardiovascular events. Such bias would, however, have led to an underestimation of the reported associations and may explain why we did not find an association between FMD and incident cardiovascular events in individuals with NGM. Second, the cardiovascular event rate in the present study population at high cardiovascular risk was in accordance with previous studies. 10 However, a relatively low number (11.3%) of participants died of a cardiovascular event, which may reflect a survival effect and may be because of the high quality of CVD management in the Netherlands. This low fatal cardiovascular event rate may explain the lack of an interaction between endothelial dysfunction and glucose metabolism or insulin resistance in the association with all-cause mortality. Third, the present study had insufficient power to evaluate interaction, with regard to specific cardiovascular events, between FMD on the one hand and glucose metabolism status en insulin resistance on the other. Finally, only a single (baseline) measurement of FMD was available. Baseline FMD may not accurately reflect exposure during follow-up, and this may have led to an underestimation of the reported associations.
In conclusion, the present study shows that individuals with DM2, IGM, or insulin resistance are particularly sensitive to the adverse cardiovascular effects of endothelial dysfunction.
Perspectives
In the pathogenesis of cardiovascular events, true interaction between risk factors has rarely been identified. The present study shows, for the first time, the presence of interaction (ie, synergy) between endothelial dysfunction and DM2, IGM, and insulin resistance with respect to cardiovascular event risk. This suggests that endothelial dysfunction is a key therapeutic target for the prevention of cardiovascular events in individuals with DM2, IGM, or insulin resistance.
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